INTRODUCTION
Inositol 1,4,5-trisphosphate (InsP3) formed after activation of Ca2+-mobilizing receptors binds to specific intracellular receptors and thereby stimulates Ca2+ release from intracellular stores and causes an increase in the cytoplasmic [Ca2+] ([Ca2+]1) (Berridge and Irvine, 1989) . A sustained increase in [Ca2+] , depends on Ca2+ influx from the extracellular space (Mauger et al., 1985) . Measurements on single cells reveal additional complexities; the intracellular Ca2+ signal appears to be precisely organized in both space and time, with different areas of the cell responding differently and with signals often taking the form of a series of spikes (Berridge and Galione, 1988; Jacob, 1990 ). InsP3 appears to play a part, directly or indirectly, in regulating Ca2+ entry (Berridge and Irvine, 1989; Putney, 1990) and in controlling the more complex features of the Ca2+ signal (Berridge and Galione, 1988; Jacob, 1990; Rooney and Thomas, 1991) . Models describing these actions of InsP,3 suggest that there is regulated communication between discrete intracellular Ca2+ stores, only some of which are directly sensitive to InsP,3. The release of Ca2+ from the InsP3-insensitive stores may be Ca2+-induced (Berridge and Galione, 1988) .
Ca2+-induced Ca2+ release ('CICR') has been studied extensively in muscle tissue (Endo, 1975) by methods using pharmacological tools such as caffeine. Caffeine has increased the open probability of the ryanodine-sensitive Ca2+ channels involved in Ca2+-induced Ca2+ release via an increase in their sensitivity to Ca2+ (Martonosi, 1984; Sistsapesan and Williams, 1990) . Thus caffeine can release Ca2+ from the sarcoplasmic reticulum of a wide variety of cellular systems, including both electrically excitable (skeletal, cardiac and smooth muscle, and neurons; for review, see Sawynok and Yaksh, 1993) and nonexcitable cells such as exocrine acinar cells .
Ryanodine receptors have been reported in liver (ShoshanBarmatz et al., 1990) . The isoform of the ryanodine receptor found in the liver is different from that in electrically excitable enzymes and elevation of cyclic AMP levels, because application of 3-isobutyl-l-methylxanthine, forskolin or 8-bromo cyclic AMP had no inhibitory effect on the intracellular Ca2+ rise induced by inositol 1,4,5-trisphosphate (InsP3)-dependent agonists. We demonstrate that the inhibitory effect of caffeine may result from at least three actions of caffeine: (1) inhibition of receptor-stimulated InsP3 formation; (2) inhibition of agoniststimulated Ca2+ influx; and (3) direct inhibition of the InsP3-sensitive Ca2+-release channel.
cells (Otsu et al., 1990; Shoshan-Barmatz et al., 1991) ; it may, nevertheless, be implicated in Ca2+ mobilization in hepatocytes (Bazotte et al., 1991) .
Caffeine has been reported to inhibit the Ca2+ oscillations induced by agonists and the mobilization of Ca2+ from the internal compartments of different cell types, including Xenopus oocytes (Berridge, 1991; Parker and Ivorra, 1991) and pancreatic acinar cells . We investigated the effects of caffeine on the Ca2' rise induced by the hormone vasopressin and the neurotransmitter noradrenaline in single cells and suspensions of isolated rat hepatocytes. Caffeine had inhibitory effects due to one or more of at least three activities: inhibition of receptorstimulated InsP3 formation, inhibition of agonist-stimulated (Combettes et al., 1986) . Cells (2 x 106 cells/ml) were incubated with 50 ,uM quin2/AM for 150 s, then washed twice and transferred to a continuously stirred spectrofluorimeter cuvette (0.5 x 106 cells/ml) at 37°C and gassed with 02/CO2 (19:1).
[Ca2+]i was measured, calibrated and corrected for autofluorescence as reported elsewhere (Combettes et al., 1986) .
Loading of hepatocytes with fura2
Cells were washed twice with Eagle's medium, then suspended (2.5 x 105 cells/ml) in 2 ml of Williams Ca2+ release from saponin-treated cells Hepatocytes (2.5 x 106 cells/ml) were incubated at 37°C in a cytosol-like medium' and permeabilized with saponin (50 ,tg/ml) as reported by Burgess et al. (1984) . The medium consisted of 20 mM NaCl, 100 mM KCI, 5 mM MgCl2, 0.96 mM NaH2PO4, 25 mM Hepes (pH 7.15, with KOH) containing 1.5 mM ATP, 5 mM phosphocreatine, 5 units of creatine kinase/ml and 20 ,uM quin2. The concentration of free Ca2+ and the amount of Ca2+ released by the cells were calculated as reported in Combettes et al. (1993) . In some experiments, we added 45Ca2+ tracer (2 ,uCi/ml). External free Ca2+ was monitored continuously by quin2 fluorescence in the spectrofluorimeter cuvette. The 45Ca2+ efflux, after steady-state loading of the cellular stores, was measured simultaneously by diluting portions of the cell suspension in the cytosol-like medium (which did not contain saponin, quin2, or the regenerating system, but which did contain 40Ca2+ and EGTA to buffer the free Ca2+ concentration at pCa 7) in the presence or absence of caffeine. InsP3 was added 10 s after dilution of 45Ca2+-loaded cells. At 15 s after cell dilution, 1 ml of the diluted cells was filtered through a Whatman GF/C glass-fibre filter, washed and counted for radioactivity in a scintillation counter.
Ca2+ contamination and optical interference by caffeine with quin2 and fura2
Contaminating Ca2+ was detected in caffeine by atomicabsorption spectroscopy and quin2 and fura2 fluorescence. A 10 mM solution of caffeine contained about 0.6/tM Ca2 . In accordance with the previous results of O 'Neill et al. (1990) , caffeine (2-10 mM) did not alter the binding properties (KD and maximal binding to Ca2+) of free quin2 or fura2 added to saline solutions. However, caffeine had a small effect (less than 3 %) on the fluorescence intensity of quin2 and fura2. This effect appeared to be unrelated to [Ca2,]1. These changes in fluorescence occurred as rapidly as cells could be exposed to caffeine, and were reversed when caffeine was removed (results not shown). This effect was also observed in the absence of cells. Caffeine increased fluorescence at both 340 and 380 nm, and decreased the ratio by increasing the latter more than the former. Similar effects of caffeine on fura2 fluorescence have been reported previously (lino, 1989; Friel and Tsien, 1992) .
Influx of 15Ca2+
The influx of 45Ca2+ was determined from the initial rate of 45Ca2+ uptake by isolated rat hepatocytes as previously described (Mauger et al., 1985) . Briefly, cells (2 x 106 cells/ml) were incubated in Eagle's medium with a trace amount of 45Ca2+
(1-3 ,tCi/ml). Samples (100 ,ll) were taken at 15, 45, 75 and l05 s after addition of 45Ca2+. Each sample was rapidly diluted in 4 ml of ice-cold washing solution containing 144 mM NaCl, 5 mM CaCl2 and 5 mM Tris/HCI (pH 7.4), filtered through Whatman GF/C glass-fibre filters, and washed with 3 x 4 ml of washing solution. The radioactivity bound to the filter was determined with a liquid-scintillation spectrometer and the 45Ca2+ influx was Ca2l-dependent fura2 fluorescence (Williams and Fay, 1990 ). calculated as previously described (Mauger et al., 1985) .
Determination of total cell Ca2+, K+ and Na+ contents Total ion contents were measured as described previously (Combettes et al., 1988) . Samples (5 x 106 cells/ml) were centrifuged in 10 ml of an ice-cold solution containing 150 mM choline, 0.5 mM EGTA (pH 7.4 with KOH) and 10 % (w/v) sucrose, and the cell pellets dispersed in water. Cell proteins were precipitated and the concentrations of Ca2+, K+ and Na+ in the medium were determined by atomic-absorption spectroscopy.
Measurement of InsP3 fraction
Cells were incubated with myo-[2-3H]inositol for 90 min, washed and resuspended in a modified Eagle's medium containing 10 mM LiCl in place of 10 mM NaCl (106 mM NaCl only) and incubated for 10 min. The [3H]InsP3 fraction was measured as described by Combettes et al. (1988) . Briefly, cell samples were precipitated with 10 % HCl04, the sample was neutralized with KHCO3 and the supernatant was diluted in 0.5 mM EDTA and 5 mM tetraborate. The [3H]inositol phosphates were separated by anion-exchange chromatography on a Dowex AG X8 column (0.5 cm x 3 cm) (formate form; 100-200 mesh; Bio-Rad).
caffeine of phosphodiesterase; Butcher and Sutherland, 1962) , the adenylate cyclase activator forskolin and 8-bromo cAMP (8Br-cAMP), which is a cell-permeant analogue ofcAMP ( Figure  3 ). At 5 mM, caffeine decreased the frequency of [Ca2+] oscillations induced by noradrenaline (0.5 zM), whereas 500 ,uM IBMX, a concentration that maximally inhibits phosphodiesterase (Butcher and Sutherland,. 1962) did not alter the response (Figure 3a) . Similar results were obtained with vasopressin (results not shown: 18 cells with noradrenaline and 12 with vasopressin in two independent experiments).
Additional evidence against the involvement of cAMP in inhibition of the responses is that no inhibition of agonist-evoked responses was detected during bath application ofeither forskolin (10,M) or 8Br-cAMP (100,M) (Figures 3b and 3c) (Figures 3b and 3c) (Rooney et al., 1989; Kawanishi et al., 1989) , the peak Ca2+ level achieved in each oscillation was independent of the applied agonist concentration. The cells were then superfused with the same agonist solutions containing caffeine (5 or 10 mM). Caffeine rapidly abolished the [Ca2+]1 oscillations evoked by low concentrations of hormones (0.1 nM vasopressin, Figure  la ; 0.1 zM noradrenaline, Figure 2a ) and slowed [Ca2+]1 oscillations evoked by higher agonist concentrations (Figures lb  and 2b ). The inhibitory effect of caffeine was rapidly and completely reversible. Agonist-induced oscillations re-appeared after removal of caffeine. However, caffeine had no effect on the sustained maximal response induced by vasopressin (10 nM) and had either little (30 % of cells tested, n = 25) or no effect on the response to noradrenaline (1-5 ,uM) (Figures lc and 2c) .
It is well known that caffeine is a phosphodiesterase inhibitor (Butcher and Sutherland, 1962; Sawynok and Yaksh, 1993) the presence of caffeine (10 mM), the noradrenaline-and vasopressin-induced [Ca2+]i increase was smaller than in its absence (Figure 4) . Caffeine shifted the EC50 value of vasopressin from 0.8 nM, a value similar to that obtained previously (Combettes et al., 1986) The mechanism of the Ca2+ influx stimulated by InsP3-dependent agonists remains unclear (Irvine, 1992; Putney, 1993) . Receptor activation may activate Ca2+ entry either through InsP3 production (Irvine, 1990) or emptying of an intracellular compartment (Putney, 1990 Experimental conditions were identical with those described in Figure 4 . EGTA (2 mM (Table 3) show that, whereas the total cellular concentration of K+ and Na+ was not affected by caffeine, the total cellular Ca2+ concentration was significantly higher in the presence of caffeine. It therefore seems that caffeine can induce an increase in the total cellular Ca2 , possibly indirectly by causing the overloading of the intracellular Ca2+ pool via the Ca2+-Mg2+-ATPase (see the Discussion below). Table 3 Effects of caffeine on the total concentration of cellular ions Hepatocytes were incubated for 3 min in Eagle's medium with or without caffeine (10 mM). Portions (1 ml) were then removed and cell ion concentrations determined (see the Materials and methods section). Data are means + S.E.M. of 4 determinations in 6 separate experiments: *indicates that the means are significantly different from paired controls (P < 0.05). (Berridge, 1991; Parker and Ivorra, 1991; Wakui et al., 1990; Brown et al., 1992) , or (2) inhibition of the production of InsP3.
To distinguish between these possibilities, we measured the agonist-evoked production of InsP3. Intact hepatocytes were prelabelled with [3H]inositol (Berridge et al., 1983; Combettes et al., 1988) , and then incubated with vasopressin (10 nM) and noradrenaline (1 ,uM). In accordance with previous results (Tennes et al., 1987; Combettes et al., 1988) , stimulation of the cells with vasopressin or noradrenaline caused a substantial increase in the level of the InsP3 fraction (Table 4 ). In the presence of caffeine (10 mM Table 4 ).
Effect of caffeine on InsP3-induced Ca2+ release trom saponintreated cells
To test whether the effects of caffeine could also result from direct action on the intracellular InsP3-sensitive Ca2+ pool, as previously suggested in other cell types (Parker and Ivorra, 1991; Brown et al., 1992) , caffeine was added to hepatocytes permeabilized with saponin (Burgess et al., 1984) . Intact cells were incubated in the cytosol-like medium as described in the Materials and methods section. Under these conditions, the predominant compartment concentrating Ca2+ is the endoplasmic reticulum (Burgess et al., 1984) . Loading of the Ca2+ stores was simultaneously monitored by using 45Ca2+ and quin2 fluorescence (Combettes et al., 1993 (Combettes et al., 1993) . Under these conditions, the InsP3 dose-response curve was shifted, the EC50 value increasing from 0.5 ,uM in control conditions to about 1 ,uM ( Figure 5 ). This effect and these values are identical with those described by Brown et al. (1992) in cerebellum microsomes. Similar results were obtained when caffeine was added before saponin permeabilization to ensure a longer time of effect (results not shown). Moreover, no caffeineinduced Ca2l release was observed when caffeine (10 mM) was added alone. This is in accordance with previous results reported by McNulty and Taylor (1993) , showing that caffeine induces a small release of Ca2l at high () 10 mM) concentrations.
DISCUSSION
The methylxanthine caffeine is known to have many different actions (for review, see Sawynok and Yaksh, 1993) , including inhibition of adenosine receptors (Fredholm, 1980) , phosphodiesterase inhibition (Butcher and Sutherland, 1962) , and activation of Ca2l-induced Ca2' release (Endo, 1975 (Berridge and Galione, 1988) . In other cell types, however, the action of caffeine may be more complicated. In exocrine pancreas, for example, low caffeine concentrations induced Ca2+ oscillations, whereas higher concentrations inhibited oscillations induced by acetylcholine . A similar inhibitory effect of caffeine on hormone-induced Ca2+ oscillations was observed in the present study: caffeine completely suppressed Ca2+ oscillations induced by vasopressin and noradrenaline in single rat hepatocytes (Figures 1 and 2 ). This inhibitory effect of caffeine appeared to result from an inhibition of both basal and agonist-stimulated InsP3 production (Table 4) . These results are in agreement with the observations by Toescu et al. (1992) , who reported caffeineinduced inhibition of InsP3 production in exocrine pancreas. Caffeine also decreased the ability of InsP3 to mobilize intrareticular Ca2+ ( Figure 5 ). This effect could result from inhibition of the opening of InsP -sensitive channels, as described in cerebellar microsomes by Brown et al. (1992) , rather than an effect on InsPJ binding, since caffeine has been reported not to affect InsP3 binding in hepatocytes (Feng et al., 1992 (Berridge and Irvine, 1989; Irvine, 1992; Putney, 1993) . The mechanism of the Ca2t influx stimulated by InsP3-dependent agonists may be controlled by InsP3 acting alone or together with InsP4 (Kuno and Gardner, 1987) and may be regulated by the degree of filling of the intracellular Ca2+ store (Putney, 1990) . In the present study, caffeine inhibited the receptor-activated Ca2+ influx ( (Figure 3a) , forskolin ( Figure 3b ) and 8Br-cAMP addition (Figure 3c ), all failed to inhibit hormone-induced Ca2+ signals in the present study. Moreover, these agents induced
[Ca2+]i oscillations and/or potentiated the Ca2+ response evoked by the InsP3-dependent agonists, as previously reported (Capiod et al., 1991; Sanchez-Bueno et al., 1993) . This effect could result in part from an increase in the sensitivity of the InsP3 receptor (Burgess et al., 1991; Joseph and Ryan, 1993 (Charest et al., 1983; Mauger et al., 1985; Combettes et al., 1986 ; for review, see Bygrave and Benedetti, 1993) and potentiated the effects of InsP3-dependent hormones on Ca2+ release and Ca2+ influx (Mauger et al., 1985; Combettes et al., 1986; Banhegyi et al., 1991) .
Although the elevation of cAMP is not responsible for the inhibitory actions of caffeine on InsP3-dependent hormoneincrease in total cell Ca2l content (Table 3) . cAMP has been shown to increase Ca2l uptake by hepatocytes (Taylor et al., 1979; B'anhegyi et al., 1991) and subcellular fractions of rat liver (Bygrave and Tranter, 1978; Andia-Waltenbaugh et al., 1980) . Increase in total cell Ca2+ in the presence of caffeine could therefore result from the overloading of the intracellular Ca2t pool via the Ca2+-Mg2+-ATPase by elevating the cAMP level, as has been reported for the sarcoplasmic reticulum (Fabiato and Fabiato, 1975; Fredholm, 1980) . Interestingly, activation of the Ca2+_Mg2+-ATPase has been reported to modulate [Ca2+]1 oscillations in some cells (Camacho and Lechleiter, 1993; Petersen et al., 1993 (Kashiwagura et al., 1987) . These synthetic pathways are Ca2+-and cAMP-dependent (Kashiwagura et al., 1987) , are stimulated by InsP3-mobilizing hormones, and are potentiated by low (0.1-1 mM), but inhibited by higher (> 1 mM), caffeine concentrations (Kashiwagura et al., 1987 
